We describe four cases of childhood B-cell progenitor acute lymphoblastic leukaemia (BCP-ALL) and one of T-cell (T-ALL) with unexpected numbers of interphase signals for ETV6 with an ETV6-RUNX1 fusion probe. Three fusion negative cases each had a telomeric part of 12p terminating within intron 2 of ETV6, attached to sequences from 5q, 7p and 7q, respectively. Two fusion positive cases, with partial insertions of ETV6 into chromosome 21, also had a breakpoint in intron 2. Fluorescence in situ hybridisation (FISH), array comparative genomic hybridization (aCGH) and Molecular Copy-Number Counting (MCC) results were concordant for the T-cell case. Sequences downstream of TLX3 on chromosome 5 were deleted, leaving the intact gene closely apposed to the first two exons of ETV6 and its upstream promoter. qRT-PCR showed a significant upregulation of TLX3. In this study we provide the first incontrovertible evidence that the upstream promoter of ETV6 attached to the first two exons of the gene was responsible for the ectopic expression of a proto-oncogene that became abnormally close as the result of deletion and translocation. We have also shown breakpoints in intron 2 of ETV6 in two cases of insertion with ETV6-RUNX1 fusion.
Introduction
The instability of the short arm of chromosome 12 (12p) in haematological malignancies, was first highlighted in a study which included three patients with myeloid disorders in whom fluorescence in situ hybridization (FISH), revealed translocation of terminal 12p probes, while the proximal probes only hybridized to the normal 12Fan indication of an interstitial deletion from the abnormal homologue. 1 These findings were confirmed in 16 patients with a variety of 12p abnormalities, of whom ten had interstitial deletions not suspected from the cytogenetics. However, direct involvement of ETV6 was only proved in two cases. 2 Subsequently it has been shown that ETV6 is involved in a significant number of cases with visible cytogenetic abnormalities of 12p or loss of heterozygosity (LOH) in that region. [3] [4] [5] [6] [7] [8] [9] There is some evidence that the gene is more often involved when the 12p rearrangements are balanced rather than unbalanced, the latter often being associated with a complex karyotype. 10, 11 The inherent instability of the ETV6 gene has been demonstrated in several different studies by the use of cosmid probes to its individual exons. However, the series of probes used have not always covered the complete gene, so the significance of some findings is unclear. 3, [6] [7] [8] Although ETV6 is an attractive candidate for the main target of the deletions and translocations associated with 12p, its central role remains unproven. 12 The fusion partners of ETV6, of which over twenty have been described, are either protein tyrosine kinases in which the majority of ETV6 breakpoints occur in intron 4 or 5 of the gene, or transcription factors of which the commonest is the fusion with RUNX1 in B-cell progenitor acute lymphoblastic leukaemia (BCP-ALL), with a breakpoint in intron 5. A third group of cases in which the 'fusion' does not always result in a meaningful protein product, has a breakpoint in intron 2. 13 The rearrangements resulting from intron 2 breakpoints are of two types. The first of these includes both of the conserved domains of the ETV6 gene. Examples are the t(4;12)(q11-q12;p13) involving the CHIC2 gene, and the t(5;12)(q31;p13) the ACS2 gene, 14 the t(7;12)(q36;p13) involving the HLXB9 gene, [15] [16] [17] the t(9;12)(q11;p13) the PAX5 gene 18, 19 and the t(12;22)(p13;q11) the MN1 gene. [20] [21] [22] These are all recurrent translocations but only some of the fusions are in frame.
The other type of ETV6 abnormality with an intron 2 breakpoint, joins the first two exons of the 5 0 end of ETV6 to a growing list of partners which include MDS2, 23 MDS1/ EVI1, 24, 25 This group comprises both unique and rare recurrent examples. None appeared to result in a fusion protein to which an oncogenic potential could be attributed, demanding an alternative explanation that implicated an upregulatory function for the truncated gene. Insertion of genetic material from one chromosome into another is a recurrent phenomenon in many types of acute leukaemia. Surprisingly, given the incidence of the t(12;21)(p13;q22) translocation, there are only three published examples of insertions which have created an ETV6-RUNX1 fusionFone of material from chromosome 21 into 12p 31 and two reporting the reverse. 32, 33 Secondary insertional events associated with the fusion include a case with chromosome 3 material inserted into the derived chromosome 12 (der(12)) and four cases in which the reciprocal part of the RUNX1 gene was inserted into chromosomes other than 12.
34, 35 The formation of an ETV6-ABL1 fusion by insertion was reported in two cases. 36, 37 As for the RUNX1 gene, its involvement in insertions which result in a t(8;21)(q22;q22) translocation, is well established. 38, 39 The five cases which are presented here were identified during routine diagnostic interphase FISH screening for the ETV6-RUNX1 fusion. 40 Each had a different number of ETV6 signals to that expected. The purpose of the study, performed with FISH and other molecular techniques where possible, was to clarify the role of ETV6 by looking for features that the cases shared.
Materials and methods

Patients
The five patients in this study with a diagnosis of ALL had been entered to one of the Medical Research Council treatment trialsFALL97 or the MRD Pilot Trial for patients aged 1-18 years inclusive. White blood cell (WBC) counts and immunophenotypes were determined locally and the data collected by the Clinical Trial Service Unit in Oxford. The patients were among 2027 tested for ETV6-RUNX1 fusion by FISH.
Cytogenetics
Diagnostic bone marrow samples, obtained with consent, were processed by established short-term culture methods. The fixed cell suspensions were used for conventional chromosomal analysis and for FISH. The cases were initially investigated in the UK regional cytogenetic centres and their findings were then reviewed by the Leukaemia Research Cytogenetics Group (formerly the Leukaemia Research Fund/United Kingdom Cancer Cytogenetics Group Karyotype Database in acute lymphoblastic leukaemia). 41 The karyotypes were described according to the International System for Human Cytogenetic Nomenclature. 42 
FISH
FISH was carried out according to the manufacturers' instructions and 200 interphase nuclei were scored for each sample. The commercial probes used included: LSI TEL/AML1 ES (Vysis Abbott Diagnostics, Maidenhead, UK); split signal probes for ETV6 and TLX3 (Dakocytomation, Glostrup, Denmark); whole chromosome paints (STAR*FISH Human Whole ChromosomeSpecific Probes, Cambio, Cambridge, UK); arm specific paints (Qbiogene, California, USA); Multiplex FISH (M-FISH) in combination with the Spectra Vysion 24-color chromosome painting kit (Vysis); centromeric probes (Cambio) and subtelomeric probes (Qbiogene). The non-commercial probes used included: cosmid probes to the ETV6 gene: 179A6 (exon 1), 15A4 (intron 1), 50F4 (exon 2), 132B11 (intron 2), 242E1 (introns 2-3), 163E7 (exon 3-intron 5), 54D5 (exons 5-8), 148B6 (exon 8); YACs: 693F4 (5q33), 802F5 (5q34), 889G5 (5q35); BACs:
Array-based comparative genomic hybridization (aCGH) (cases 3912 and 5944)
Test DNA samples were sex-matched with normal genomic reference DNA (Promega, Madison, USA). aCGH was performed according to the manufacturers' instructions. 43 Samples were processed with 185K whole genome oligonucleotide arrays and analysed with proprietary software (Agilent Technologies, Santa Clara, California, USA). Preliminary analysis identified statistically significant groups of probes, based on a 2 Mb genomic window size and a z-score beyond 6.0. The aberration detection method 1 (ADM1, Agilent Technologies) algorithm was used for a robust estimation of the position and extent of the aberration, defined as a minimum of five consecutive probes that deviated by ± 0.25 from a normalized ratio of zero.
Molecular copy-number counting (MCC) (case 3912)
MCC was carried out as described with slight modifications. 44 Human male genomic DNA (Promega) was used to determine the working concentration of DNA by making a series of dilutions to give B0.25-8 genomes of DNA per aliquot. Using 96-well plates, a clear copy number change of genomic loci for the PAX5 and MGC39900 genes (two and one copy per genome, respectively), was observed at 0.03 genomes ml À1 (0.09 pg ml
À1
) of genomic DNA. This concentration was employed for MCC analyses of the patient (data not shown).
Eleven markers in ETV6 intron 2 were chosen according to FISH and aCGH data to screen the genomic region of B42 kb between 11833359 and 11875231 bp on 12p. Three PCR primers were designed for each marker (Table 1) . Markers 1-5, with intervals B11 kb apart, were used for the first round of MCC, markers 6-9, B1.7 kb apart, for the second and markers 10 and 11, B500 bp apart, for the third.
Semi-nested PCR assays were performed. The master mix for the first PCR contained B0.09 pg ml À1 of genomic DNA, 0.15 mM of each oligo of the external forward and common reverse PCR primers of the chosen markers, 200 mM of each dNTP and 1 Â GoTaq Flexi buffer, 1.5 mM of MgCl 2 , 0.05 U ml
of GoTaq Flexi DNA polymerase (Promega). A 10 ml aliquot of this mixture was dispensed into each of 88 wells of a 96-well Table 1 The primers used for MCC analysis The second PCR was performed with 2 ml of each 1st-PCR reaction diluted to 200 ml with water. The concentration of reagents was the same as that for the 1st-PCR, except that 0.5 mM of each of the oligos of the internal forward and common reverse primers of the chosen markers were used. Thermocycling was identical to that of the 1st-PCR.
Following PCR, 3 ml of each 2nd-PCR product was mixed with 2 ml of formamide dye mix (98% formamide, 10 mM EDTA/pH 8.0, 0.015% xylene cyanol FF), and loaded into a 192-well horizontal 7.5% polyacrylamide gel (MadgeBio Ltd, Grantham, Lincolnshire, UK). The amplified 2nd-PCR products were separated by electrophoresis for 15 min at 200 V. The gel was stained in 1 Â SYBR Gold (Invitrogen, Paisley, UK) for 10 min and scanned using a Typhoon Trio Imager (Amersham, UK). The presence or absence of the PCR product in each well was scored using microplate array diagonal gel electrophoresis (MADGE)-specific gel image analysis software (Phoretix Ltd, Newcastle, UK) and MCC data were analysed as described.
Long-distance inverse PCR (LDI-PCR) cloning (case 3912)
LDI-PCR was carried out as previously described, 45 using the following PCR primers: first round forward PCR (GGCATT CATTGAATTTGCTG), second round forward PCR/sequencing (GCAACAAGCATCCGTGTC), and common reverse PCR/ sequencing (CTGTACTGCTACATCAATG).
Quantitative real-time PCR (qRT-PCR) (case 3912)
Total RNA was isolated from cell pellets and cDNA prepared according to protocol (Promega). mRNA levels of TLX3, RANBP17, NPM1 and ETV6 were assessed using the Taqman gene Expression Assays (Applied Biosystems, Foster City, California, UK) in patient 3912 and in a series of controls according to standard methodologies. 46 The control samples included: normal bone marrow, two BCP-cell lines SEM, RCH-ACV and two T-ALL patients, cases 8956 and 11216 (negative controls) and HPB-ALL, a TLX3 overexpressing T-ALL cell line (positive control).
Results
Patient data
The clinical, laboratory and cytogenetic data for the five patients are shown in Table 2 . Four patients had BCP-ALL while one had T-ALL. The median age of the patients was four years (range 2-10 years) and the median WBC was 13 Â 10 9 l À1 (range 4-14 Â 10 9 l À1 ).
Interphase FISH
The interphase FISH pattern for the three ETV6-RUNX1 negative patients showed three green signals for the ETV6 gene and two red signals for the RUNX1 gene ( Figure 1a ). The two fusion positive patients had a single red signal, two green ones and a fusion signal which appeared as a small yellow spot inside a larger red one (Figure 1b) .
Determination of karyotypes
Karyotypes were established by conventional cytogenetics and refined by FISH (Figures 1c-f and Table 2 ). The karyotypic abnormality in case 3912 was cryptic by conventional cytogenetics. It was revealed when the three ETV6 signals were seen on metaphases (Figure 1c ). There were no suitable cells in case 6816 for metaphase FISH.
ETV6 breakpoint analysis
The presence or absence on metaphases of the eight overlapping cosmid probes covering the ETV6 gene is shown in Table 3 . It seemed likely that when a chromosome was positive for 132B11 and for 242E1 but negative for 163E7 that the breakpoint in the gene was in the 3 0 end of intron 2, close to exon 3. In the two fusion positive cases, the 5 0 breakpoint of the inserted fragment appeared to be in intron 2 in case 6106 and proved to be so in case 6816. The 3 0 breakpoint was in cosmid 54D5 in both cases. Disruption of ETV6 in intron 2 in childhood ALL GR Jalali et al
Case 3912
The third interphase ETV6 signal seen in 82% of the nuclei, was produced by the telomeric part of 12p translocated to the long arm of chromosome 5 which extended in a centromeric direction and included at least part of the region covered by the 242E1 cosmid. The two normal copies of chromosome 12 each had signals for the complete set of the eight ETV6 cosmid probes (Figures 1c and d, Tables 2 and 3) . A series of ten bacterial artifical chromosome probes (BACs) extending from 5q34 to 5q35.3 showed that 5q had been deleted from 5q35.1 between two probes RP11-15F10 (Mb position 169.07) and RP11-9I14 (Mb position 171.1). The Mb position of TLX3 (170.67) thus fell between them. The telomeric part of the commercial dual colour probe to TLX3 was missing, confirming the deletion.
Interphase FISH with probes to chromosome 12 centromere and yeast artificial chromosome (YAC) 889G5 mapping to 5q35, showed a 10% normal population with two signals for each, a 10-15% population with three signals for 12 centromere and two for the 5q YAC and an B80% population with two signals for 12 centromere and one for the 5q YAC. The same YAC 889G5 was used in conjunction with a Y chromosome centromeric probe. All cells which had lost the Y (B35%) had only one signal for the 5q YAC, whereas those that had retained the Y (B65%), had either one or two signals, proving that the loss of Y was a secondary event.
Array CGH revealed eight copy number changes involving chromosomes 4, 5, 12, 15, 21 and Y, ranging from a 0.07 Mb deletion at 12p11.22 to the loss of the entire Y chromosome. A gain of 12p encompassing the region from 12pter to 12p13 (genomic position 0-11847532 bp) was observed, where the centromeric breakpoint was positioned between array features A_14_P128751 (11847473-11847532 bp) and A_16_P12994461 (11861497-11861556 bp) within intron 2 of ETV6. A loss of 5q35 to 5qter (170677140-180644869 bp) showed that the centromeric breakpoint was 3 0 (telomeric) of TLX3 (Figures 2a and b) . A 1.5 Mb deletion of chromosome band 21q22.12 was observed that resulted in the loss of the 5 0 telomeric end of RUNX1 (35276320-36793708 bp). The MCC technique used to locate and map the unbalanced der(5)t(5;12)(q35;p13) is based on the fact that nonreciprocal translocations result in a copy number change. The first round of MCC showed a shift in relative copy number between markers 2 (11835489-11835739 bp) and 3 (11854415-11854643 bp), consistent with the aCGH results. A combination of these results located the possible breakpoint within a region of B7 kb (11847533-11854643 bp) in ETV6 intron 2 that was subsequently covered by markers 6-9 for the second round of MCC. These results in their turn revealed a change in copy number between markers 7 (11849014-11849287 bp) and 8 (11850567-11850812 bp), further refining the breakpoint region to within B1.5 kb. The third round of MCC was carried out using the new markers 10 and 11 (located between markers 7 and 8), in addition to all the second round markers. The putative breakpoint was finally located within a B600 bp region between markers 11 (11849895-11850189 bp) and 8 (11850567-11850812 bp) (Figure 2c ).
LDI-PCR was then used with primers designed to clone the junction of chromosomes 5 and 12 in the der(5)t(5;12)(q35;p13). The sequence of the second PCR product (B1.4 kb) revealed the fusion of ETV6 (12p13) to LOC391847 (5q35; B40 kb telomeric to TLX3). The genomic location of the breakpoint in ETV6 was at 11 850 627 bp (intron 2; within marker 8), and of that in LOC391847 at 170 675 801 bp (intron 8) (Figures 2d and e) .
qRT-PCR showed that TLX3 was highly upregulated in comparison to normal bone marrow both in case 3912 (515.56-fold) and in the HPB-ALL cell line (484.38-fold). In contrast, the two BCP-ALL cell lines (SEM and RCH-ACV) and the two T-ALL patients (cases 8956 and 11216) showed a lower expression of the gene than in normal bone marrow (0.4-, 0.5-, 0.62-and 0.29-fold, respectively).
The expression levels of the upstream RANBP17 and the downstream NPM1 genes located close to TLX3, were also analysed by quantitative PCR. The results showed similar expression levels of RANBP17 and NPM1 in the three T-ALL patients. The expression levels of these two genes were also similar between the three cell-lines analysed, but there was a lower level of RANBP17 and a higher one of NPM1 compared with the patient samples (Figure 2f ).
The mRNA levels of ETV6 exons 1-2 and exons 5-6 showed no significant difference as compared with other samples, suggesting that the translocated fragment of ETV6 containing exons 1-2 was not expressed.
Case 4008
The third interphase ETV6 signal, seen in 57% of the nuclei, was the result of an insertion of 12q sequences into the short arm of one copy of chromosome 12, dividing the green signal for ETV6 into two. The part of 12p on the der(7)t(7;12) showed signals for the 12p subtelomere and for cosmid probes extending in a centromeric direction to 242E1. The reciprocal der(12) had no signals for ETV6 exons: whole arm paints demonstrated that 7p material was translocated to 12q while 12p terminated in the 12q subtelomere. The second der(12) had a 12p subtelomeric signal and the signals for the cosmid probes 242E1 to 148B6 split by the insertion (Figure 1e , Tables 2 and 3) . Two BAC probes to 7p showed that the breakpoint on chromosome 7 was between 7p12 and 7p13.
Case 5944
The third interphase ETV6 signal, seen in 35% of the nuclei, was due to a translocation between the short arms of chromosomes 7 and 12 with the 7p breakpoint telomeric to 7p14, as FISH showed that the TRG@ gene was intact. Further rearrangements had produced a der(9) chromosome with sequences from 12p, 7p, 7q, 7p, 9p, 9q, 7q and 9q between its short and long arm subtelomeres of which the 12p component extended in a centromeric direction to cosmid probe 242E1 of ETV6. BAC probe RP11-246L12 from 7q34 (including the 5 0 portion of the TRB@ gene), split the red signal of the ETV6 Dakocytomation probe into two, by its probable insertion into intron 2 of ETV6. Material from 7q was also inserted into the long arm of this der (9) . The second copy of chromosome 12 had an interstitial deletion including part of ETV6. (Figure 1f , Tables 2 and 3 ). One copy of CDKN2A was deleted from 50% of interphase nuclei.
aCGH revealed a 0.078 Mb deletion of chromosome 4q13.2 (genomic position 70305861-70384008 Mb) and a 7.7 Mb deletion of chromosome 9p22.2 (genomic position 19997631-27721327 Mb) for this patient.
Cases 6106 and 6816
The second interphase ETV6 signal in these ETV6-RUNX1 fusion positive patients occurred in 66 and 36% of nuclei, respectively. The inserted 12p fragments appeared roughly equal in size as they extended between the same two cosmidsF132B11 and 54D5 (Table 3 ). The presence of the subtelomeric probe to 21q on the der(21)ins(21;12) in both cases, confirmed that the fusions had occurred by insertion.
Discussion
The five cases in our study each had an unexpected number of signals for the ETV6 gene when the probe defining the ETV6-RUNX1 fusion was applied to interphase cells. The fusion negative cases had three rather than two, while the fusion positive ones had two rather than the one that normally represents the copy of ETV6 not involved in the fusion. In addition, when cosmid probes to ETV6 were applied to metaphases, there appeared to be a break in intron 2 of the gene in each case. The cosmid probes provided a more accurate picture of the actual involvement of the gene than the commercial probe, which was expressly designed to identify the fusion and thus only covered part of the gene and sequences telomeric to it. The cases were rare, occurring among more than 2000 tested, with an incidence of 0.2%.
Although each of the fusion negative cases had three green ETV6 signals at interphase, the mechanisms underlying their formation were different. A duplication of part of the ETV6 gene had occurred in one, a division of the signal into two by an insertion in another and a complex reciprocal translocation in the third. However, one signal in each case was produced by the same 5 0 cosmid probes of ETV6. In contrast, the second signals in the two fusion positive cases were the result of similar sized insertions into the long arm of chromosome 21, small enough to leave a residual green signal for ETV6 on the short arm of the der (12) .
Case 3912 had a third copy of the telomeric region of 12p, terminating in an incomplete copy of ETV6 translocated to 5q. Case 4008 had large deletions of ETV6, and no complete copy of the gene. Only one set of 5 0 exons was present on 7p and only one of 3 0 exons on the second 12. The general instability of the whole of chromosome 12 was evident from the insertion of 12q material into 12p and by a 12q telomere on 12p and 7p sequences on 12q. Such radical losses and rearrangements compare with those reported for two cases of acute myelogenous leukaemia (AML). 7 Case 5944 had a split in ETV6 suggesting a reciprocal translocation, although the 5 0 exons attached to 7p had undergone a further translocation with 9p. The visibly deleted second copy of chromosome 12 with an intact 12p telomere, had surprise interstitial deletions from ETV6. A similar unexpected loss of ETV6 exons has been reported in several other cases of ALL. 3, 4, 6, 9, 11, 32 aCGH confirmed the balanced nature of the t(7;12) but did not reveal any loss of ETV6. The apparent discrepancy between FISH and aCGH results may have been because of the population size. It has been reported that a 40-50% population is needed for detection of an abnormality with aCGH, 46, 47 whereas in our case the population comprised only 35% of the cells. FISH showed a monoallelic deletion of CKDN2A from 50% of interphase cells that was clearly visible by aCGH, in support of this interpretation.
As for the partner chromosomes, the FISH, aCGH and MCC results for the position of the telomeric breakpoint on chromosome 5 were in close accord in case 3912. This case proved an exception in that the unbalanced nature of the translocation allowed MCC to be used for the first time in a haematological malignancy, to define the breakpoints both in intron 2 of ETV6 and on chromosome 5, at the level of the base pairs involved. LDI-PCR was then employed to identify the partner sequences, followed by qRT-PCR to measure the expression of genes that could have been affected by the abnormal apposition of the truncated ETV6 gene to the telomeric region of chromosome 5.
FISH showed that the 7p breakpoint in case 4008 was somewhere between 7p12 and 7p13, but lack of material prevented a finer definition. In case 5944, the 7p breakpoint with 12p was clearly more telomeric, as the TRG@ gene at 7p14.1 was present. The insertion of 5 0 TRB@ sequences from 7q into the 12p fragment attached to 7p meant that the 5 0 sequences of ETV6 were probably attached to 7q rather than to 7p.
RT-PCR for case 6816 was negative for the ETV6-RUNX1 fusion, possibly because of the use of inappropriate primers. The intron 2 cosmid was split between chromosomes 12 and 21 indicating that the 5 0 break was probably closer to exon 2 than in the three fusion negative cases. In case 6106, it was impossible to be certain that the 5 0 breakpoint was in intron 2, because of the deletion of the exon 2 cosmid. It is plausible that the 5 0 breakpoints of the inserted fragments might be related to the presence of the alternative exon 1B of ETV6 in intron 2. 48 The 3 0 breakpoint of the inserted fragment was in cosmid 54D5 in both patients, suggesting a location in intron 5, as in the majority of cases with ETV6-RUNX1 fusion.
The apparent rarity of insertions causing ETV6-RUNX1 fusions, may, with hindsight, be due to the difficulty in seeing the fusion when the insertions are as small as we have reported here. Tiny reciprocal constitutional insertions required spectral karyotyping (SKY) and aCGH to define them. 49 In haematological malignancies with a t(9;22)(q34;q11) or a t(15;17)(q22;q21) translocation, there were insertions which were microscopically visible and others which needed FISH probes to define them on metaphases. [50] [51] [52] Very large insertions associated with the RUNX1-ETO fusion occurred in B8% of positive cases and varied between 2 and 44 megabases in size. 38, 39 A case that was positive for ETV6-RUNX1 fusion had an insertion of most of the short arm of chromosome 12 into 21q. Thus the interphase FISH pattern of 1R1G1F/2R1G1F did not suggest anything out of the ordinary. It was only when the probes were located on metaphases that the insertion came to light, indicating that large insertions can also be missed if cells are only examined at interphase. 32 Most of the reported cases in which the first two exons of ETV6 were attached to various different partners are single examples. They cover a range of both chronic and acute myeloid and lymphoid malignancies. The t(3;12)(q26;p13) in myeloproliferative disorders involving the MDS1 gene is an exception in that it has been proved to be recurrent. The MDS1 gene was itself fused to EVI1 while a direct fusion between ETV6 and EVI1 has also been reported in the progression of chronic myelogenous leukaemia to myeloid blast crisis. 24, 25 Overexpression of EVI1 was proved. Other myeloid examples include a case of myelodysplastic syndrome (MDS) in which the fusion partner was the MDS2 gene at 1p36, with upregulation of the 3 0 flanking gene RPL11. 23 The GOT1 gene at 10q24 was involved in another case of MDS transforming to AML with upregulation of the upstream c10orf gene. Although three cases of AML all had a t(12;13)(p13;q12) with a disrupted ETV6 gene, only one of them showed a direct in-frame fusion between the second exons of ETV6 and CDX2, respectively. Both normal and fusion CDX2 transcripts were detected in this patient. 30 The ectopic expression of intact CDX2 rather than the ETV6-CDX2 fusion proved essential for leukaemogenesis. 53 Reports of lymphoid malignancies include a B-cell precursor cell line in which the STL gene at 6q23 was the partner 26 and a case of paediatric pre-B ALL, the BAZ2 gene at 12q13. 29 Our three cases thus add significantly to the lymphoid examples.
The breakpoint in chromosome 5 in case 3912 was located B7 kb downstream of the TLX3 gene, thus leaving it intact. The first description of the recurrent t(5;14)(q35;q32) of T-cell ALL found that most of the breakpoints in chromosome 5 were close and within the RANBP17 gene 10 kb upstream of TLX3, while those in chromosome 14 were widely spread over a 700 kb region downstream of BCL11B. The authors concluded that the ectopic activation of TLX3 rather than the dysregulation of BCL11B was the important consequence of the translocation. 54 This explanation was clarified by use of the HPB-ALL cell line which suggested that the ectopic expression of TLX3 was due to elements posited in the 3 0 region of BCL11B, albeit far downstream of the gene. 55 Variant translocations which included a recurrent t(5;7)(q35;q21) with the CDK2 gene involved, as well as insertions or deletions of sequences between the BCL11B and RANBP17/TLX3 loci, all of which resulted in the ectopic expression of TLX3, have provided additional support. 56 The most recent research using DNAse1 hypersensitive experiments identified T-lymphoid restricted cistranscriptional regulatory elements downstream of BCL11B which are juxtaposed to the TLX3 locus as a result of the t(5;14). Thus t(5;14) T-cell ALL provides a novel paradigm for oncogene dysregulation. 57, 58 The T-ALL case which we have presented here showed, that as in the recurrent t(5;14)(q35;q32) translocation of T-ALL, the end result of the t(5;12)(q35;p13) was the ectopic expression of TLX3. We were able to demonstrate that TLX3 was as highly upregulated in our patient, as it was in the t(5;14) positive HPB-ALL cell line, when compared to a series of controls. The upstream RANBP17 and the downstream NPM1 genes were not upregulated. In addition, the fact that it was upregulation of TLX3 that was important was emphasized by the fact that we were unable to show expression of the translocated fragment of ETV6.
We have thus provided unequivocal evidence that the truncated ETV6 gene had an upregulatory function in our case. Previous examples have pointed in this direction, but here we have provided the surest proof to date. Upregulation of TLX3 is now known to be central to a significant 20% of T-ALL cases. The positioning of the enhancer/promoter sequences of the ETV6 gene only 165 kb downstream of the promoter of TLX3 in our case must make it the most likely causative agent for the deregulation of the proto-oncogene. The closest reported example is perhaps the upregulation of the intact CDX2 gene, which it was suggested, was the result of it having come under the control of the promoter of ETV6 located in intron 2 of the gene. The authors concluded that activation of proto-oncogenes might be a more common phenomenon in ETV6 associated leukaemia than was previously thought. 30, 53 Our case was different in that the promoter in intron 2 was deleted, suggesting that the promoter upstream of exon 1 was the one involved.
In conclusion, this study has added three lymphoid examples to the expanding group of cases involving the first two exons of the ETV6 gene that have generated both negative and positive explanations as to their significance. On the negative side, as the ETV6 component of the fusion lacks both its functional domains, a loss of function rather than a dominant effect has been postulated. To counteract this we have been able to provide overwhelming positive evidence that the promoter region of the gene has induced the ectopic expression of a neighbouring proto-oncogene. We have also added two regions of chromosome 7 to the number of genomic sites that are probably susceptible to the same truncated sequences of ETV6. The two insertion cases involving breakpoints in intron 2 of the gene are the first of similar size to be reported in association with ETV6-RUNX1 fusion. As to whether the frequency of breakpoints in the second intron of the ETV6 gene is the result of structural or biological constraints or merely due to chance is a question that still needs to be addressed.
